The Escherichia coli UvrB protein possesses an amino acid sequence motif common to many ATPases. The role of this motif in UvrB has been investigated by site-directed mutagenesis. Three UvrB mutants, with amino acid replacements at lysine-45, failed to confer UV resistance when tested in the UV-sensitive strain N364 (AuvrB), while five other mutants constructed near this region of UvrB confer wild-type levels of UV resistance. Because even the conservative substitution of arginine for lysine-45 in UvrB results in failure to confer UV resistance, we believe we have identified an amino acid side chain in UvrB essential to nucleotide excision repair inE. coli. The properties oftwo purified mutant UvrB proteins, lysine-45 to alanine (K45A) and asparagine-51 to alanine (N51A), were analyzed in vitro. While the K45A mutant is fully defective in incision of UV-irradiated DNA, K45A is capable of interaction with UvrA in forming an ATP-dependent nucleoprotein complex. The K45A mutant, however, fails to activate the characteristic increase in ATPase activity observed with the wild-type UvrB in the presence of UvrA and DNA. From these results we conclude that there is a second nucleotide-dependent step in incision following initial complex formation, which is defective in the K45A mutant. This experimental approach may prove of general applicability in the study of function and mechanism of other ATPase motif proteins.
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In Escherichia coli, Uvr-mediated repair of damaged DNA proceeds by formation of specific damaged DNA-protein complexes, followed by double endonucleolytic incision on damaged strands. Short oligomers containing damaged nucleotides are generated as a result. These early steps require MgATP, as well as UvrA, UvrI3, and UvrC proteins (1, 2) .
Although the precise role of ATP remains unclear, nonhydrolyzable analogs of ATP fail to support incision. UvrA possesses a readily identifiable ATPase, modulated by the presence of DNA. Addition of UvrB to UvrA and DNA strongly enhances observed ATPase activity (3, 4) . Recently, this laboratory reported that UvrA-UvrB nucleoprotein complexes possess a 5' --3' ATP-dependent helicase-like activity (5, 6) , a phenomenon that may be coupled to the ATPase activation seen under these conditions. This enhancement in ATP hydrolysis has been attributed to an activation of the UvrA ATPase by UvrB and DNA, since highly purified UvrB preparations fail to exhibit ATPase activity. It was somewhat surprising, therefore, to find that the predicted amino acid sequence of UvrB includes a sequence motif common to many known ATPases (7, 8) .
This motif, common to known GTP binding proteins as well (9) (10) (11) (12) , is recognized by a segment of six amino acids highly enriched in glycine and other small side-chain amino acids such as serine, threonine, alanine, and proline. This segment is terminated by glycine, followed by a lysine and then by a serine or threonine (. . . G K T/S. . .). Unique and varied functions have been described for proteins possessing this motif. In many systems, the ability to bind and hydrolyze nucleoside triphosphates has been demonstrated, yet the specific role of hydrolysis remains unknown. The presence of this amino acid motif in UvrB ( Fig. 1 RESULTS There is increasing evidence that a conserved lysine in the ATPase motif may play a critical functional role in proteins possessing this motif. Replacement of adenylate kinase lysine-13, located within an ATPase motif and implicated in the mechanism of ATP binding to that protein (11) , was found to result in severe loss of activity (17) . Mutations in the glycinerich domain of the Ha-ras oncogene ATPase motif can cause cells to adopt a different in vivo phenotype, that of cellular transformation, demonstrating the importance of this region to proper c-Ha-ras function (for review, see ref. 18 ). Mutation of lysine-16 terminating the glycine-rich segment in the ATPase motif of Ha-ras reduces GDP and GTP affinity by 2 orders of magnitude without affecting relative nucleotide specificity (19) . We postulated that the side chain oflysine-45 in the ATPase motif of UvrB might play a similarly important role in excision repair, and we constructed three mutants at this site; replacing lysine with arginine (K4SR, a conservative replacement), alanine (K45A, a relatively neutral substitution), and aspartate (K45D, a nonconservative change).
A weaker component ofthe ATPase motif, noted by Fry et al. (11) , includes a few hydrophobic amino acids separated from the glycine-rich segment by about seven amino acids toward the carboxyl terminus of the protein (Fig. 1, segment  2 ). This region corresponds to a putative hydrophobic adenine ring binding "pocket" proposed for adenylate kinase (11) and to a region of known a-helical secondary structure deduced from the x-ray structures of elongation factor Tu (20) , Ha-ras (21), and adenylate kinase (22) . The role of this region in UvrB was investigated by constructing five additional mutants at selected sites; changing asparagine-51 to alanine and lysine (N51A, NS1K), valine-52 to aspartate (V52D), isoleucine-53 to arginine (153R), and aspartate-55 to alanine (D55A), including both conservative and nonconservative substitutions.
Lysine45 of UvrB Is Essential to UV Resistance. Plasmids encoding either wild-type or mutant UvrB were introduced into N364, a UV-sensitive E. coli strain in which the entire uvrB gene is deleted. Plasmids encoding the five segment 2 UvrB mutants (N51A, N5IK, V52D, 153R, D55A) did not differ appreciably from plasmids encoding wild-type UvrB in their ability to complement the chromosomal uvrB deletion in N364. The other three mutants, all at lysine-45, failed entirely to enhance UV survival and were indistinguishable from N364 carrying either pUC19 vector or no plasmid (Fig. 2) K45A Interacts with UvrA on DNA. Assay conditions have been described that allow for the discrimination of UvrA-DNA complexes from UvrA-UvrB nucleoprotein complexes (28) . In this assay, cold 2x SSC rapidly dissociates UvrA-DNA complexes, while the addition of UvrB allows formation of a stable 2x SSC-resistant UvrA-UvrB complex on UV-damaged DNA. Nucleoprotein complexes were assembled and challenged by addition of cold 2x SSC (Table 1) . Under conditions in which wild-type UvrB and N51A protein formed nucleoprotein complexes on UV-irradiated DNA, the K45A mutant protein also formed complexes, although with a reduced yield. Controls showed that under all conditions both UvrA and ATP are required to generate 2x SSCresistant complexes and that stable complexes did not form in the absence of UvrB or UvrB mutant protein.
K45A Fails to Activate a Characteristic ATPase. Both wild-type UvrB and N51A protein were successful in ATPase activation in the presence of UvrA and UV-damaged DNA, saturating at similar concentrations (Fig. 4) 
DISCUSSION
We hypothesized that the "ATPase motif" common to the amino acid sequences of known nucleoside triphosphatases (Fig. 1) serves a common and specific function in these proteins. In this model, specific amino acid residues in the ATPase motif would contribute directly to interaction with ATP and therefore to the ultimate function of these proteins as well. Although purified UvrB preparations lack ATPase activity, the amino acid sequence of UvrB includes an ATPase motif. Recently, this laboratory reported the fortuitous observation that UvrB possesses a cryptic ATPase activity, revealed in the absence of other Uvr proteins after limited proteolysis (13) . It was assumed that any cryptic nucleotide hydrolysis activity should prove critical to the requirement for UvrB in incision. An ATPase-deficient UvrB mutant would therefore be quite useful in the determination of the role of nucleotide and UvrB in nucleotide excision repair. Consequently, the region of UvrB possessing an ATPase motif was subjected to site-directed mutagenesis to determine its role, if any, in excision repair.
Substitution of UvrB lysine-45 by the structurally neutral amino acid alanine (K45A) would not be expected to disrupt local structure in this region, yet an acute effect on in vivo function was observed (Fig. 2) . Similarly, loss offunction was also observed in the nonconservative lysine-45 mutant in which the negatively charged amino acid aspartate was substituted (K45D). Because the highly conservative substitution of arginine at this site (K45R) also results in synthesis of a gene product that fails to complement UvrB deficient cells, we believe that the amino acid side chain of lysine-45 is critical to the mechanism of action of UvrB.
Failure to generate phenotypically distinct mutants with respect to UV survival by alterations in neighboring amino acids, characterized by the five segment 2 UvrB mutants, further emphasizes the importance of lysine-45 of UvrB. While some segment 2 mutations were specifically selected as highly nonconservative substitutions (V52D, I53R), the in vivo repair activity of these mutants was not compromised. From these data, we conclude that the amino acid side chains substituted in this region of UvrB do not play critical roles in excision repair. Similar results were obtained when UV sensitivity was assayed in the uvrB wild-type genetic background of JM109. Plasmids encoding the lysine 45-UvrB mutants (K45A, K45D, K45R) were able to confer UV sensitivity to this strain (data not shown). This suggests that the products of the lysine-45 mutants express partial function in vivo by competing with wild-type UvrB for other excision repair components, perhaps by forming nonproductive complexes that could interfere with normal repair processes. (Fig. 3) . The In the presence of UvrA and DNA, the addition of UvrB protein causes an increase in observed ATPase activity. The ability of mutant proteins to cause this characteristic ATPase activation was therefore assayed (Fig. 4) . K45A We have raised the question of whether the presence of an ATPase motif can be useful in identifying those proteins whose activity is dependent on ATP or related cofactors. Our success in isolating an ATPase-deficient mutant of UvrB suggests the strategy described here may be of general use in the study of other ATPase motif proteins. A similar strategy was recently reported in the construction of an ATPasedefective yeast excision repair protein, RAD3 (29) .
